Mitigating organic pollutants by employing semiconducting materials is considered to be green and sustainable route to tackle the environmental problems. Herein, citrate-gel autocombustion method was adopted to synthesize Ce and Dy doped CoFe 2 O 4 and characterized by various analytical techniques. The efficacy of prepared CoCe x Dy x Fe 2-2x O 4 (x=0-0.04) samples were tested for degradation of Methylene blue (MB) under visible light irradiation. The photocatalytic efficiency of CoCe 0.02 Dy 0.02 Fe 1.96 O 4 for degradation of MB was found to be larger than pure CoFe 2 O 4 , Degussa P25 and other modified CoFe 2 O 4 . The enhanced photocatalytic activity was attributed to improved charge separation and visible light utilization by Ce and Dy into CoFe 2 O 4 system. The super-spin glass behaviour of CoCe x Dy x Fe 2-2x O 4 confirmed from flat nature of magnetization of FC curve below T B .
INTRODUCTION
Methylene blue is one of the most representative organic dyes and it has been widely used in colorant industries. The direct discharge of such effluent in water body causes water pollution and poses a pervasive threat to aquatic system [1] . Semiconductor based technology which utilizes solar energy for the mineralization of textile pollutants has been considered as a green and viable strategy [2] . Many visible light sensitive photocatalysts such as BiVO 4 , Bi 2 O 3 Bi 2 WO 6 , WO 3 and Fe 3 O 4 have been employed for the abatement of organic pollutants [3, 4] . But, magnetite with formula MFe 2 O 4 , where M represents the metallic cations like Fe, Co, Ni, Cu, Mg and Mn, has attracted a great deal of attention in the remediation of organic pollutants [5, 6] . The inverse spinel structure of CoFe 2 O 4 suggests that Co 2+ ions occupy octahedral site and Fe 2+ & Fe 3+ ions are equally distributed between tetrahedral and octahedral sites [7 -9] . The current work focuses on the enhancement of visible light absorption and subsequent photocatalytic activities using ferrite compounds. Considering the adverse effect and complex structure of MB, we have carried out photocatalytic activity of Ce and Dy substituted CoFe 2 O 4 using MB as a model pollutant under visible light irradiation.
MATERIALS AND METHODS

Photocatalytic Experiment.
Methylene blue was used as a model pollutant to evaluate the efficiency of the prepared Ce and Dy doped cobalt ferrites through the citrate-gel auto-combustion method [10] . The photocatalytic activity of the prepared samples was investigated by studying the decomposition of MB under visible light irradiation. A 500 W tungsten lamp was used as a visible light source, which is vertically placed inside an immersion well photochemical reactor made of Pyrex glass. Typically, 180 mg of photocatalyst was ultrasonically dispersed in 180 mL of an aqueous solution of MB and was stirred under dark for 30 min to maintain the adsorptiondesorption equilibrium between the catalyst and MB. The temperature of the photochemical reactor was maintained by circulating the cold water through the inner jacket of reaction vessel in order to avoid any thermal reaction. After the adsorptiondesorption process, the lamp was switched on and 5 mL aliquots were taken out at 15 min of time intervals and then, centrifuged at 6000 rpm to remove the catalyst from the solution. The concentration of MB was monitored by following the reduction in absorption intensity of MB at λ max= 663 nm using Perkin Elemer UV-Vis spectrophotometer (Lambda 35). The degradation efficiency of samples was determined using theexpression: Degradation efficiency = (C o −C t )/C o * 100%, where C o is the initial concentration of MB after adsorption-desorption equilibrium and C t is the concentration of MB at different time intervals, respectively. The structure of CoFe 2 O 4 was analyzed by X-ray diffractometer (XRD Rigaku, Cu-K α λ=1.5418 Å). Further the Transmission Electron Microscope (TEM: Model Tecnai G20, FEI, USA), and Vibrating Sample Magnetometer (EV-7 VSM with Max. applied field +15 kOe) were used for morphological, and low temperature magnetic properties respectively. Fig.1a represents XRD pattern of single phase cubic spinel CoFe 2 O 4 and is consistent with standard JCPDS:22-1086. There were no secondary phases in diffraction pattern and hence confirmed high phase purity of CoFe 2 O 4 . The average crystallite size was calculated to be 56 nm indicating the presence of broad peak in XRD pattern (inset Fig.1.) . The detailed structural parameters of Ce and Dy doped CoFe 2 O 4 have already described in our previous work [10] . Fig.1d . The particle size was noted to be altering from  20 to 50 nm. It was evident that well defined spherical and agglomerated nanoparticles were seen as a result of magnetic interactions among the nanoparticles [11] . The SAED pattern indicates polycrystalline nature of nanoferrites and formation of bright rings refers to different diffraction planes in unit cell. The absorption spectra of MB centred at 663 nm versus irradiation time in the presence of CoCe x Dy x Fe 2-2x O 4 (x=0.02) is shown in Fig.2a . It is seen from figure that the absorption intensity of MB reduces with increase in irradiation time, manifesting the degradation of MB with irradiation time. During the experiments, we observed that the colour of MB changed to light blue and eventually to a clear solution with degradation process. The decolourization of MB is not an indication of mineralization as it may be converted to a colourless substances [12, 13] . The change in concentration of MB as a function of time in the presence of asprepared samples is shown in Fig. 2b . The results indicate that MB cannot be degraded without the assistance of photocatalysis process and its self-decomposition is only 4% within 75 min of illumination time in the absence of catalyst [14] [15] [16] . Compared to undoped cobalt ferrite, Ce and Dy modified CoFe 2 O 4 exhibited enhanced photocatalytic activity, indicating that recombination is quenched after adding Ce and Dy into cobalt ferrite. It is noted from figure that photocatalytic activity increases with increasing Ce and Dy up to x=0.02 and any further increment after the optimal level leads to a decrease in photocatalytic activity. The best activity was observed when the doping content of Ce and Dy was 0.02, for which 94.3 % of MB was decolorized in 75 min of irradiation. The enhanced photocatalytic activity is described based on a fact that space charge region becomes narrower which results in efficient separation of charge carriers within the region. At high loading content, the electron hole pair recombines quickly and making the photocatalytic activity of catalysts is ineffective. The results infer that optimal loading could provide a better separation of charge carriers and substantial light harvesting ability to the catalyst. These factors are responsible for photocatalytic activity of co-modified CoFe 2 O 4 towards degradation of MB. The photocatalytic performance of samples was compared with Degussa P25, which is benchmark photocatalytic material having two phases such as anatase and rutile, under the analogous conditions and its result is shown in the same figure. The results demonstrate that Degussa P25 showed better activity than that of pure cobalt ferrite and could degrade MB 48% within 75 min of irradiation. In spite of having large bandgap energy, Degussa P25 showed better activity than pure CoFe 2 O 4 . The phase junction in TiO 2 is responsible for the better activity of Degussa P25 [17] . The presence of anatase & rutile phase increases electron transfer rate and further increases life time of photogenerated charge carriers thereby enhancing photocatalytic activity. The kinetics of photodegradation process was further explored to better compare photocatalytic performance of samples. The apparent pseudo first order kinetics model based on Langmuir−Hinshelwood was applied [18] , which is shown in equation: ln(C 0 /C t ) =K app t, where k app -apparent pseudo-first-order rate constant (min -1 ), C 0 -initial MB concentration (mg/L), and C tconcentration of MB solution at time t (mol/L). The apparent rate constants of different samples are shown in Fig.2c . It is clear from the figure that CoCe x Dy x Fe 2-2x O 4 with x=0.02 exhibits maximum rate constant for degradation of MB than that of other samples. The enhanced photocatalytic activity is credited to effective separation of charge carriers and enhanced visible light absorption ability. The magnetization behavior of CoCe x Dy x Fe 2-2x O 4 is studied using FC and ZFC under magnetic field (100 Oe) as shown in Fig.3 . At first, sample was cooled to 75 K without applied magnetic fields. Secondly, measurements start from this temperature and sample was heated with an applied external magnetic field (100 Oe) and magnetization was measured with temperature. The magnetization of FC and ZFC curves coincide with each other in temperature near 300 K for x=0.02 and 0.04 compositions. It is seen that blocking temperature increases with increasing x. The ZFC curves increase with heating sample and reach to maximum at T B called blocking temperature is higher than room temperature for all samples. If magnetization of FC below T B increases continuously, superparamagnetic state is formed, while the super-spin glass transition shows a very slow increase or a flat nature of the magnetization of FC mode at low temperatures [19] . Thus, the flat nature of the magnetization of FC curve below T B (Fig.3 ) demonstrates super-spin glass behaviour of CoCe x Dy x Fe 2-2x O 4 .
CONCLUSIONS
Single phase Ce and Dy doped cobalt nanoferrites were synthesized via citrate-gel auto-combustion method. TEM images confirmed the particle size below 50 nm. The photocatalytic efficiency of x = 0.02 composition towards the degradation of MB was found to be higher than pure cobalt nanoferrites. Magnetization was decreased with increasing Ce-Dy doping. The prepared CoCe x Dy x Fe 2-2x O 4 behaves like super-spin glass.
